Hydra tissues are made from three distinct populations of stem cells that continuously cycle and pause in G2 instead of G1. To characterize the role of cell proliferation after mid-gastric bisection, we have (i) used flow cytometry and classical markers to monitor cell cycle modulations, (ii) quantified the transcriptomic regulations of 202 genes associated with cell proliferation during head and foot regeneration, and (iii) compared the impact of anti-proliferative treatments on regeneration efficiency. We confirm two previously reported events: an early mitotic wave in head-regenerating tips, when few cell cycle genes are up-regulated, and an early-late wave of proliferation on the second day, preceded by the up-regulation of 17 cell cycle genes. These regulations appear more intense after mid-gastric bisection than after decapitation, suggesting a position-dependent regulation of cell proliferation during head regeneration. Hydroxyurea, which blocks S-phase progression, delays head regeneration when applied before but not after bisection. This result is consistent with the fact that the Hydra central region is enriched in G2-paused adult stem cells, poised to divide upon injury, thus forming a necessary constitutive pro-blastema. However a prolonged exposure to hydroxyurea does not block regeneration as cells can differentiate apical structures without traversing S-phase, and also escape in few days the hydroxyureainduced S-phase blockade. Thus Hydra head regeneration, which is a fast event, is highly plastic, relying on large stocks of adult stem cells paused in G2 at amputation time, which immediately divide to proliferate and/or differentiate apical structures even when S-phase is blocked.
Introduction
The freshwater Hydra polyp, which belongs to the Hydrozoa class in Cnidaria, a sister phylum to Bilateria, is famous for its amazing ability to regenerate any missing body part whatever its age. Since the discovery of this phenomenon in the 18th century, Hydra has remained a fruitful experimental model system to study regeneration (Galliot, 2012) . An interesting observation is that, in contrast to the gastric column, pieces of tissue originating from the extremities, such as tentacles or basal disk do not regenerate. Given the restricted distribution of stem cells along the body column (Fig. 1A) , this suggests that their presence is required for regeneration. Hydra polyps are populated with three distinct adult stem cell (ASC) populations, the unipotent epidermal and gastrodermal epithelial stem cells (eESCs, gESCs) present along the body column, and the multipotent interstitial cells (ISCs) that populate the central gastric region (David and Plotnick, 1980) . All these adult stem cells are characterized by a highly proliferative status, ESCs dividing every 3-4 days, ISCs every 24-30 h (David and Campbell, 1972; Campbell and David, 1974) . Similarly to mammalian embryonic stem cells (White and Dalton, 2005) and epithelial stem cells (Harper et al., 2010) , Hydra ASCs exhibit a very short G1 phase and an extended G2 phase (David and Campbell, 1972; Campbell and David, 1974; Holstein and David, 1990; Holstein et al., 1991; Buzgariu et al., 2014) (Fig. 1B) . A recent study suggests that a small subpopulation of Hydra ASCs remain quiescent in G2 (Govindasamy et al., 2014) .
In the central body column, ISCs divide and give rise to interstitial progenitors (IPs), which for a large fraction, migrate towards the apical and basal poles and differentiate post-mitotically (Holstein and David, 1990; Technau and Holstein, 1996; Hager and David, 1997) . By contrast, ESCs continuously divide along the body column and abruptly stop before reaching the extremities to terminally differentiate and finally get sloughed off. Surprisingly epithelial cells differentiate without traversing mitosis, thus remaining in G2 phase (Dubel et al., 1987; Dubel and Schaller, 1990; Buzgariu et al., 2014) . As a result of these cell dynamics, the central body column of the animal is enriched in dividing stem cells, while the apical and basal poles are predominantly composed of terminally differentiated cells.
The relevance of cell proliferation in the regenerative strategy(-ies) adopted by Hydra is a longstanding question. The classical view is that Hydra regeneration is morphallactic, i.e. relying only on the remodeling of the pre-existing tissues and not on the formation of new tissue (Morgan, 1901) . Indeed Morgan writes: "there are, in general, two modes by which a piece of all adult may regenerate: (A) either by the development of new tissue at the exposed regions, -epimorphosis; or (B) by transformation of the old part into a new form, -morphallaxis". One year later, a first histological analysis performed in his lab on Hydra slices undergoing regeneration concluded that "the new cells which appear during the regeneration of hydra are formed by division of the old cells throughout the entire piece, as in the normally growing animal" (Rowley, 1902) . This result suggests today that the sustained proliferative rate observed along the body column in homeostatic conditions suffice to provide new cells for the regenerating structure. Decades later it became possible to label proliferating cells (Burnett et al., 1962; Plickert and Kroiher, 1988) , to quantify tissue composition (David, 1973) and to apply pulse treatments that eliminate all fast cycling cells, i.e. ISCs and cycling IPs, without affecting the epithelial cells, thus keeping the animals alive (Campbell, 1976; Marcum and Campbell, 1978a; Sacks and Davis, 1979; Schaller et al., 1980; Littlefield and Bode, 1986; Nishimiya-Fujisawa and Sugiyama, 1993) .
The determination of the rate of RNA and DNA synthesis in regenerating tissues after decapitation did not identify any increase in DNA replication (Clarkson, 1969a) . Similarly the counting of mitotic figures at different levels along the regenerating body concluded to a stable number (Park et al., 1970) . In parallel, anti-proliferative treatments given before bisection such as X-ray irradiation or drugs delivered before and during regeneration do not abolish head regeneration, again after decapitation (Hicklin and Wolpert, 1973) . Indeed short exposure (15-24 h) to hydroxyurea (HU) that blocks S-phase, or to nocodazole or colchicine that act as mitotic poisons, delays but do not prevent head formation after decapitation (Clarkson, 1969b) , even though the new head is more frequently dysmorphic, with a higher number of tentacles or tentacles misplaced (Marcum and Campbell, 1978a; Sacks and Davis, 1979) . These experiments led to the conclusion that neither DNA synthesis, nor mitosis are required to regenerate efficiently a well-patterned head after decapitation. However animals exposed to the nitric oxide donor NOC-18 exhibit a sustained increase in cell proliferation from 8 to 16 h after decapitation, together with an accelerated head regeneration process, suggesting a link between the proportion of cell proliferation within the first 24 hpa and the efficiency of head regeneration (Colasanti et al., 2009) . Still a series of drawbacks limit the interpretation of these experiments using anti-proliferative or anti-mitotic drugs.
Firstly HU or colchicine treatments are not unequivocal: they block cell proliferation but ipso-facto also activate pro-apoptotic programs, which in the injured area, are known to positively impact the regenerative process (Chera et al., 2009) , and in any case rapidly lead to the elimination of ISCs and IPs, thus prevent neurogenesis. Heads regenerate in the absence of neurogenesis as nerve-free structures. Such animals lack the feeding response and need to be manually fed to survive (Marcum and Campbell, 1978a; Sacks and Davis, 1979; Wenger et al., 2016) . Therefore neurogenesis is dispensable for de novo head patterning, but is necessary for the restoration of a fully functional head. This result is not surprising as the epithelial cells carry the morphogenetic properties in Hydra (Marcum and Campbell, 1978b; Sugiyama and Fujisawa, 1978) , and thus suffice for achieving regeneration. However if head regeneration in that context is largely morphallactic (new structures produced despite the lack of cycling interstitial cells), it does not allow the restoration of the original function. Secondly the HU pulse treatments only lead to a partial and reversible blockade of DNA synthesis, about 60% reduction after a 20 h treatment according to (Clarkson, 1969b) , leaving open the question of a putative role of DNA synthesis in epithelial cells during regeneration. To solve this issue Cummings and Bode have tested head regeneration in animals continuously exposed to HU at high concentration (10 mM) for several days before decapitation and for a week after, assuming that epithelial proliferation would be blocked (Cummings and Bode, 1984) . Head regeneration is delayed but otherwise normal in animals exposed to HU only after decapitation, significantly altered in animals exposed to HU for at least 3 days before amputation (Fig. S1A ). Again this experimental paradigm suffers limitations as the authors found numerous cells escaping S-phase blockade and detected a high toxicity after 5 days treatment (see below).
Thirdly, most of these studies focused on regeneration after decapitation and did not investigate the regulation of cell proliferation after mid-gastric bisection. In fact several evidences point to a role for cell proliferation in head regeneration after bisection at lower levels than decapitation, with an early and early-late accumulation of cycling cells in the regenerating tips. In physiological conditions, animals bisected at mid-gastric level, exhibit an immediate wave of cell death in headregenerating tips, an event that drives a synchronous mitotic event followed by a fast increase in the BrdU-labeling index in the vicinity of the amputation plane within the first 12 h post-amputation (hpa) (Chera et al., 2009 (Chera et al., , 2011 . This compensatory proliferation in response to cell death fits the expected behavior of interstitial stem cells, i.e. increase self-renewal when density drops (Holstein and David, 1990; David et al., 1991) . Cycling interstitial cells also contribute to the formation of a proliferative zone by migrating towards the wound, likely in response to injury signals, as expected from their conditional migratory behavior (Boehm and Bosch, 2012) . In the context of "epithelial Hydra", i.e. depleted of their interstitial cells, the epithelial cells after a cut at the upper third level of the animals exhibit a biphasic regulation of their cycling behavior in the head-regenerating tips, an early drop of S-phase cells followed by a progressive increase over the 20-36 hpa (Holstein et al., 1991) . This localized early-late up-regulation of cell proliferation was also observed in wild-type animals, as proliferating interstitial progenitors expressing cnox-2 accumulate at 30-36 hpa in headregenerating tips after mid-gastric bisection (Miljkovic-Licina et al., 2007) . Altogether, these data indicate that under physiological conditions two coordinated waves of cell cycling occur during Hydra regeneration: an early mitotic event, possibly restricted to head regeneration after mid-gastric bisection, and an early-late proliferation with DNA synthesis. This situation shows similarities with head regeneration in other cnidarians, which rather relies on proliferating cells as assessed in the marine hydrozoan Hydractinia where migrating proliferating cells form a blastema (Bradshaw et al., 2015) and in the anthozoan Nematostella where cell proliferation precedes apical differentiation (Amiel et al., 2015) . In this study, we combined flow cytometry and quantitative transcriptomics to classical cellular and pharmacological approaches to reconsider the role of cell proliferation in head-regenerating Hydra after mid-gastric section. Fig. 1 . Synchronous mitotic events in the early phase of head regeneration after mid-gastric bisection. (A) Scheme depicting the anatomy and the tissue organization of Hydra. (B) Cell cycle properties of epithelial and interstitial stem cells (ESCs, ISCs) . Note the lack of G1 and the pausing in G2. By contrast cycling interstitial progenitors (IPs) traverse a longer G1 phase. (C) Flow cytometry analysis of the DNA content of cells obtained after mid-gastric bisection from two adjacent regions: the head-regenerating tips (R4) and the subjacent region (R5). Analysis was performed on H. vulgaris with the Hm-105 (left panel) and sf-1 (middle and right panels) strains. Animals were heat-shocked or not as indicated on the scheme. Four biologically independent replicates (3-4 animals per replicate) were assayed in each condition. Significant False Discovery Rates (FDR) between each successive measurement are indicated by stars (see details in Table S1 ). Note the synchronous decrease in G2/M and increase in S phase cells at 4-6 hpa in Hm-105 and sf-1 animals, and a similar regulation in heat-shocked (HS) animals delayed by 10 h. (D) Immunodetection of G2/M cells in regenerating halves with an anti P-Histone H3 (pH3) antibody. Note the pH3 cells at the border of the most apical region of the tip at 6 hpa. (E) Impact of transient G2/M arrest on apical differentiation in sf-1 animals treated with NDZ for 33 h either before or after mid-gastric bisection. (F) Impact of transient G2/M arrest on apical differentiation in sf-1 animals exposed to NDZ for 33 h before decapitation or before mid-gastric bisection. The grey arrows point to the longer delay induced by NDZ treatment in animals regenerating their head after decapitation than after mid-gastric bisection.
Materials and methods

Hydra strains and animal culture
The following H. vulgaris (Hv) strains were used: Basel (Hv_Basel), magnipapillata-105 (Hm-105), Jussy (Hv_Jussy), the thermosensitive mutant (sf-1), the AEP transgenic cnnos1:eGFP (Hemmrich et al., 2012) . Animals were mass-cultured at 18°C in Hydra Medium (HM) as in Gauchat et al. (2004) .
Hydra treatments and manipulations
For heat shock (HS) treatments, sf-1 animals were transferred to 28°C for 62 h and returned to 18°C. Hydroxyurea (HU, 5 mM in HM unless otherwise specified) treatment was given in three cycles as initially described (Bode et al., 1976) , combined or not to continuous exposures as indicated. For regeneration experiments, animals were bisected either immediately (t0) or one or three days after drug release, and let to regenerate in the absence or presence of HU. In parallel, untreated animals were bisected and immediately exposed to HU continuously for 8 days, the drug being replaced every 24-36 h. Nocodazole (NDZ 1.4 nM) treatments were performed on Hm-105 animals, treated either prior bisection for 33 h, or after bisection for 6 days. Each experiment was repeated at least twice. Unless specified, animals were bisected at mid-gastric level after two days of starvation. Head regeneration efficiency was expressed as the percentage of animals differentiating apical structures, at least tentacle rudiments.
BrdU-labeling index (BLI)
For each condition 3-5 intact or regenerating animals were exposed to the thymidine analog Bromodeoxyuridine (BrdU, Sigma, 5 mM) as indicated, then washed in HM. The head-regenerating tips were sliced and macerated as in David (1973) . Briefly tissues were dissociated in dissociation medium (glycerol 7.7%, glacial acetic acid 7.7%) at RT for about one hour, then cells were fixed for one hour in PFA 4%, spread on slides, dried for 40 h, rehydrated in PBS, treated with methanol for 15 min, rehydrated in PBS, permeabilized for 15 min in PBT 0.5% (PBS, Triton-X100 0.5%) and finally incubated in 2 N HCl for 30 min. Cells were immunodetected with the anti-BrdU antibody (Roche, Kit N°11296736001, 1:20) as in Chera et al. (2009) . At least 500 cells per sample were pictured on Leica TCS SP5 or Leica DM 5500 microscopes, characterized and counted.
Whole-mount immunofluorescence
Samples were briefly relaxed in urethane 2%, fixed overnight at 4°C in 4% PFA, washed extensively in methanol and stored at −20°C. After rehydration and washes in PBS, samples were then permeabilized and blocked for one hour in 2% BSA, PBT1% (PBS, Triton-X100 1%) incubated overnight at 4°C in the anti-Histone H3 phospho-S10 antibody (pH3, mAbcam 14955, 1:1000) or the anti-GFP antibody (Novus Biological, NB600-308, 1:600), washed and detected with the anti-mouse Alexa555 (Invitrogen, A-31570, 1:400) and the anti-rabbit Alexa488 (Invitrogen, A-21206, 1:400) antibodies respectively. For BrdU immunostaining, samples were treated for 30 min in 2 N HCl, washed in PBS and incubated overnight at 4°C with the mouse antiBrdU antibody (as above), washed and detected with the anti-mouse Alexa555 antibody (1:400). After DAPI staining (1:5000, 20 min), samples were pictured with the Leica DM5500-B or Leica SP8 confocal microscopes.
Flow cytometry (FC) analyses
The FC procedure is detailed in . Large budless animals were used in all experiments in quadruplicates for each condition. Two adjacent regions, 0.5-1 mm thick each, were sliced on 20 regenerating animals at each time-point and slices from 3 or 4 animals were used for each replicate (see Fig. 1C ). Statistical significance values (available in Table S1 ) were calculated by systematically performing Welch two sample t-test on successive time intervals and correcting for multiple testing using the False Discovery Rate (FDR) approach (Benjamini and Hochberg, 1995) . For HUtreated tissues, gastric tissues from 4 to 5 animals were pooled together.
In situ hybridization (ISH)
Hm-105 animals were relaxed in urethane 2%, fixed in PFA 4% four hours at RT, transferred to methanol at −20°C and processed as in Gauchat et al. (2004) .
RNA-seq analyses
Hv_Jussy animals were used for preparing RNAs from homeostatic and regenerative tissues and for assembling de-novo transcriptomes as described in (Wenger et al., 2014 (Wenger et al., , 2016 . Briefly, all samples were placed in RNALater (Qiagen) and total RNA was extracted the same day (RNAeasy mini kit, Qiagen). All conditions were collected in biological triplicates over different weeks. Libraries were prepared with the Low Sample TruSeq total RNA preparation protocol from Illumina (San Diego, CA, USA). Pools of four to five multiplexed libraries were loaded per lane of a HiSeq. 2500 sequencer (Illumina) and sequenced up to 100 nt (single-end). Remaining adapters and known trans-spliced leaders (Derelle et al., 2010) were removed from sequencing reads using cutadapt 1.11 (Martin, 2011) . Transcripts expression levels were estimated on the Hv_Jussy reference transcriptome by using Salmon 0.7.2 with the -seqBias and -gcBias options turned on (Patro et al., 2017) ; DESeq. 2 (Love et al., 2014 ) was applied for library normalization and statistical tests. A manuscript detailing the whole transcriptome analysis is in preparation and will be accompanied by a full release of the data and the code used for its processing (Wenger et al., in preparation) .
Heatmaps: transcript selection and data representation
A reference list of 202 Hydra genes associated with cell cycling, cell proliferation was retrieved from the UniProt website (The UniProt, 2017) (Table S2 ). This list was manually curated, 36 genes encoding cell type markers and genes regulated during head or foot regeneration were added as controls, some of them associated with cell cycling. Hv_Jussy orthologs used for RNA-seq quantifications were obtained using BLAST alignments (Camacho et al., 2009 ). 95 genes selected using a likelihood ratio test as implemented in DESeq. 2 (P adj < 10 −3 ), have at least one sample with more than 50 mapped reads and show a significant variation during head or foot regeneration condition (HR50 or FR50). For data representation, median values of normalized libraries were used for each condition, log 10 (count+1) data were standardized by transcript (i.e. leading to an average of 0 and a standard deviation of 1 for each transcript/rows in each of the two heatmaps). The clustering of genes with similar regenerative patterns was determined manually.
Results
Synchronous mitotic events in the early phase of head regeneration
To confirm that a wave of synchronous cell division is taking place in the wound region (Chera et al., 2009 (Chera et al., , 2011 , we measured by flow cytometry the cell cycle progression during the first 24 h following midgastric amputation in the apical regenerating tip (R4) and in the subjacent region (R5) (Fig. 1C) . Early after bisection (between 4 and 6 hpa), we noticed in R4 a significant drop in the fraction of G2/M cells, and a concomitant increase in cells in S-phase in two distinct strains, Hm-105 and sf-1, with in sf-1 animals a decrease in G2/M cells from 32.6% to 16.3% and an increase in S-phase cells from 30% to 36.4%. This synchronous regulation is visible in region R5 but less striking. We also tested whether this regulation takes place in epithelial animals. For this, we used heat-shocked sf-1 animals bisected 11 days after heatshock, which regenerate efficiently, although with a delay (Fig. 1C,  Supplement Fig. S1 ). As expected from the absence of fast-cycling cells, the cell cycle profiles of gastric tissues from intact epithelial Hydra is distinct from that recorded in wild-type Hydra, with 57% cells found in G2, 17% in G0/G1 and 26% in S-phase. During regeneration, this cycling pattern is rather stable in both the R4 and the R5 regions over the first 12 hpa, then followed by a drastic reduction in the G2/M cell fraction at 16 hpa, concomitant with an increase in G1-and S-phase cell fractions. Thus, similarly to the wild-type condition, but with a 10 h delay, the epithelial cells from the regenerating tip of heat-shocked animals synchronously divide and progress through the cell cycle. This result is in agreement with a previous study that evidenced in epithelial Hydra bisected at the upper third an increase in proliferating cells in head-regenerating tips starting at 18 hpa to reach a maximum at 36 hpa (Holstein et al., 1991) . As a complementary approach, we detected cells entering mitosis on whole-mounts animals with an antibody specific to Histone 3 phosphorylated on Ser10 (Crosio et al., 2002) and found a larger number of positive cells in the vicinity of the most apical zone at 6 hpa ( Fig. 1D ).
Next, we tested the impact of mitotic blockade on head regeneration by treating the animals with the mitotic poison nocodazole (NDZ), which is not toxic to Hydra when given for 33 h at 1.4 nM but induces only a transient blockade . NDZ given immediately prior or after mid-gastric bisection similarly delays head regeneration (Fig. 1E) . Surprisingly the pre-amputation NDZ treatment appears to delay more strongly the activation of head regeneration after decapitation (HR80) than after mid-gastric bisection (HR50), indicating that mitotic events likely contribute to head regeneration after decapitation (Fig. 1F) . Hence, the early mitotic event that takes place during early head regeneration, likely plays a role in head regeneration by providing post-mitotic cells ready to differentiate and form apical structures, but also cells that keep cycling.
Spatial and temporal regulations of genes linked to cell cycle progression
Next, we wanted to test how genes linked to cell cycle progression are regulated during Hydra regeneration. We extended a study previously reporting RNA-seq data during head regeneration after decapitation (Petersen et al., 2015) by performing a comprehensive RNA-seq analysis in homeostatic and regenerative conditions (YW, in preparation) . This experiment was designed to provide a detailed view of spatial and temporal transcriptomic regulations during head regeneration after decapitation (named HR80), as well as during head and foot regeneration after mid-gastric bisection (HR50 and FR50 respectively, see Fig. 2A, B) . We focused here on 202 genes encoding proteins associated with cell cycle progression, either expressed in cycling cells in Hydra or identified as orthologs to human genes encoding components of the cell cycle machinery or regulators of cell proliferation. To validate the RNA-seq procedure, we also added 35 control genes previously known as components of the head organizer, or markers of specific cell lineages (Table S2) .
We first examined the genes known to be involved in the formation of the head organizer and noted as expected, an early up-regulation during head regeneration, as observed for Wnt3, one of the earliest upregulated gene (Lengfeld et al., 2009) (Fig. 2C, light green gene names). For all these genes, the up-regulation occurs faster after decapitation than mid-gastric bisection, in agreement with previous studies (Lengfeld et al., 2009 ) and the fact that regeneration proceeds faster after decapitation than after mid-gastric bisection. The genes expressed in apical interstitial lineages, such as cnot or cnox-2, involved in apical neurogenesis (Miljkovic-Licina et al., 2007) , cnASH in nematogenesis (Grens et al., 1995) or RFamide in terminally differentiated nerve cells (Darmer et al., 1998) , exhibit an expression predominantly apical in intact animals, up-regulated at a late stage of head regeneration (Fig. 2C, dark green gene names) . A similar homeostatic and regenerative pattern was found for Inx1, which encodes the protein Innexin1 detected in gap junctions of epithelial cells (Alexopoulos et al., 2004) . By contrast, expression of the gland cell gene Kazal1 is progressively reduced during head and foot regeneration, as gland cells, abundant in the body column, get progressively excluded from regenerating tips that differentiate (Chera et al., 2006) . All these RNA-seq results are consistent with previously published expression patterns.
Then, we analyzed the dataset comprising genes associated with cell cycle progression, and found most of these genes predominantly expressed in the body column, with low or undetectable expression in the apical region (Fig. 2C , red gene names). This finding was anticipated, as cell proliferation is absent or limited at the apical and basal poles. During head and/or foot regeneration, we found 86/202 putative cell cycle genes that show statistically significant variations of their expression levels and we identified five different types of gene modulations (Fig. 2C , Table S2 ). The first type corresponds to a generic immediate-early pulse regulation, i.e. genes immediately (from 2 to 8 hpa) but transiently and similarly up-regulated in all regenerative conditions, representing the earliest wave of regulation observed in this dataset. These genes encode mostly transcription factors (BRF1, CREB1, CREB3l1, CREB3l3, Gli3, KLF11, labeled as immediate genes in Fig. 2C ) but also the Growth-arrest-2 like protein GAS2L1 and the histone H2B. This pulse regulation was also observed for 43 immunerelated genes (Wenger et al., 2014) and appears linked to the wound healing process rather than to the acquisition of head or foot identities.
The second behavior corresponds to an early and sustained upregulation of eight genes, ING4, NFIC, FGFR, TUSC2, TUBGCP2, CCNY, CDK9, CDC42, detected at 8-16 hpa, often more pronounced in HR50 than in HR80 tissues. When checked on individual profiles, this up-regulation is the most striking for FGFR, NFIC, TUSC2 and TUBGCP2 (Supplement Fig. S2) . Interestingly, the regulation of NFIC and TUBGCP2 appears to be sensitive to the amputation level, with higher up-regulations between 16 and 24 hpa after mid-gastric amputation than after decapitation. NFIC, which is expressed at very low levels in intact Hydra, encodes the Nuclear Factor 1 C-type that regulates transcription and DNA replication in mammals, while TUBGCP2 that encodes the Gamma-tubulin complex component 2, is required for the nucleation process of microtubules around the centrosome, thus possibly involved in mitotic spindle assembly.
The third behavior corresponds to an early-late up-regulation of 17 cell cycling genes, Shox1, E2F7, TFDP1, POLQ, CCNF, PLK4, CCNE1, CCND2, CDC7, SIPA1L3, MCM5, DLEC1, MCM9, CDC6, CCNA2, CCNB3, PLK1, observed between 16 and 24 hpa. As expected for genes involved in cell proliferation, all these genes except POLQ, SIPA1L3, DLEC1 are excluded from the apical region in intact animals. Also, as previously observed, the up-regulation of CCNA2, CCNB3, CCNF, CDC6, MCM5, MCM9, PLK1 is higher when the amputation takes place at 50% (HR50, FR50) than in HR80 regenerating tips. Several genes are also up-regulated at a late stage although expressed at highest levels in the apical region: CDKL5, DAB2IP, TTC28 are possibly involved in mitosis as well as TMEM30A initially named cell cycle control protein 50A.
Finally, as fourth behavior, we noted that in parallel to these early and early-late up-regulations, 30 cell cycling genes, expressed in homeostatic conditions in the body column and poorly or not at all at the extremities, exhibit a progressive down-regulation during head and foot regeneration. This silencing is expected as the gastric tissue is progressively converted into terminally differentiated structures that characterize the apical and basal poles. For several genes such as BOD1, CINP, CNPPD1, MRE11A, ORC5, TOP3A, this silencing process proceeds more rapidly during foot than head regeneration, a differential regulation in agreement with the fact that foot regeneration is faster. For another subset of genes, CCNK, CINP, E1F3H, Lin37, Myc1, Myc2, PA2G4, Pax-A, PCNA, POLD1, POLD2, RAD51, RAD17, RFC2, RRM1, ZNF845, we could note subtle differences between HR80 and HR50 regenerating tips, the silencing process occurring slightly earlier in HR80. This differential down-regulation between HR50 and HR80 might indicate that cell proliferation is more intense and persists longer after a central mid-gastric bisection than after a distal decapitation, suggesting again position-dependent modulations of cell cycling.
Altogether these results show that only a few genes with putative cell cycle function are regulated at the early phase of regeneration, suggesting that the observed mitotic event is rather mediated by posttranscriptional or post-translational regulations rather than by changes in gene expression. By contrast, 17 genes are up-regulated at the earlylate period when cell cycling occurs, while progressively about 30 cycling genes that are active in the homeostatic body column get silenced. These regulations point to a coordinated regulation of the cell cycle at this specific phase of regeneration.
Procedures to block cell proliferation are only transiently efficient in Hydra tissues
Next we investigated the impact of cell cycle arrest on regeneration in Hydra after mid-gastric bisection. As a first step, we verified the efficiency of pharmacological approaches used to arrest, or at least pause, cell cycle progression in Hydra. We first applied the classical three-cycle HU treatment (Bode et al., 1976) to Hv_AEP animals of the cnnos1:eGFP transgenic strain, which constitutively express GFP in their ISCs (Hemmrich et al., 2012) . Such HU treatment efficiently eliminates fast-cycling cells as already seen three days after drug release when the number of GFP+ cells is drastically decreased, very few surviving after seven days (Fig. 3A) . We also quantified the various cell types of the body column of Hv_Basel animals at various timepoints of HU treatment (Fig. 3B) . We noted the rapid loss of all interstitial cells already after a single HU exposure, the survival of the gland cells and the progressive predominance of the epithelial cells that reach 75% of all cell types after three HU exposures.
By performing a short BrdU-labeling on intact animals taken at various time points after HU treatment, we confirmed the transient Sphase pausing of the surviving cells. Immediately after HU release, BrdU-labeled cells cannot be detected while a few become visible one day later, and numerous BrdU-positive cells populate the body column of HU-treated animals at day-3, indicating that surviving cells have resumed cell cycle progression (Fig. 3C, Supplement Fig. S3A ). To test whether epithelial cells resume cycling in the presence of HU, the previously described three-day treatment was followed by a continuous four-day HU exposure associated to BrdU (Fig. 3D) . By quantifying the surviving cell types on macerated tissues and measuring the BrdUlabeling index, we noted, as expected, a drastic reduction in interstitial cells, but also counted among the epithelial cells 12% BrdU-positive cells, indicating that epithelial cells continuously exposed to HU overcome its anti-proliferative effect as previously reported (Clarkson, 1969b; Cummings and Bode, 1984) .
To evaluate the efficiency of HU-induced cell cycle arrest, we monitored the DNA profiles of cells from HU-treated sf-1 polyps (Figs. 3E, 3F, Supplement Fig. S3B ). During HU treatment, given either as 3 pulses or continuously, we recorded a gradual increase in Sphase cells, while G2/M-phase cells remain roughly constant (Fig. 3E,  Fig. S3B ). As expected, the G1/G0 fraction drastically diminishes from 46% to 27% over the first four days due to the interstitial cell loss, to finally remain constant. Immediately after the three-cycle HU treatment, we recorded 54% cells in S-phase, 22% in G2/M-phase (Fig. 3E,  left) . At day-1 post-release, over 50% epithelial cells still remain in Sphase, whereas at day-3 post-release, most cells have left S-phase (now down to 22%) and pause in G2 (> 50%). When HU treatment is maintained 2 days longer, cells also escape S-phase arrest but one-day later (Fig. 3E, right) .
To further characterize the stability of the HU-induced pausing, we monitored for eight days the DNA profiles of HU-treated animals either released from HU exposure (Fig. 3F, left, Fig. S3B ) or continuously exposed to HU (Fig. 3F, right) . During the first two days, the cell cycle pattern remains similar between the two conditions, with a slow decrease in the proportion of S-phase cells, a decrease maintained constant and parallel for the two conditions over the following days. From day-3 onwards, the G0/G1 and G2/M populations similarly increase in both conditions, suggesting that despite the continuous HU exposure, cells escape from DNA replication arrest, progress through the cell cycle and reach the G2-stage. However between day-4 and day-8, the increase in the G2/M fraction is more limited for the cells continuously exposed to HU while cells in G1/G0 exceed 30%. This experiment shows that a prolonged HU exposure does not lead to a sustained S-phase pausing (only 20% cells in S-phase at day-8) but seems to promote, in~10% epithelial cells, a G1/G0 arrest. Hence the epithelial cell cycle under prolonged HU exposure is likely abnormal.
Epithelial S-phase blockade and the loss of fast-cycling interstitial cells impact the initiation of head regeneration
To evidence the respective impacts of the elimination of the fastcycling interstitial cells and of the blockade of the epithelial cell cycle on head regeneration, we monitored several parameters of head regeneration, i) the kinetics of the initiation of apical differentiation process (first appearance of tentacle rudiments), ii) the efficiency of head regeneration after 6 days (presence or not of tentacles surrounding the hypostome), iii) the number of tentacles that form within 6 days (tentacles longer than the apical diameter of the animal). These parameters were first measured in thermosensitive sf-1 animals exposed either to a three-cycle HU treatment before mid-gastric bisection, or to a continuous HU treatment after bisection, or to a combination of both, before and after bisection (Fig. 4A) . As control, we used sf-1 animals heat-shocked for 62 h prior to bisection, as HS rapidly leads to the degeneration of the interstitial cells without affecting cell cycle progression (Marcum et al., 1980) . Like HS animals, the sf-1 animals exposed to HU treatments only before mid-gastric bisection regenerate completely their heads within six days but initiate the process with a one-day delay when compared to Fig. 2 . Expression profiles of cell cycle genes during head and foot regeneration. (A, B) Experimental design to produce RNA-seq expression profiles in homeostatic (A) and regeneration (B) conditions. For spatial regulation in homeostatic condition, five slices were dissected from 25 intact animals as depicted. For temporal regulation during regeneration, pools of 25 animals were transversally sectioned at 50% (mid-gastric) or 80% (decapitation) of their total heights and left to regenerate for times ranging from 0 to 48 h. Head-regenerating tips (~500 µm) from the 50% (HR50) and 80% (HR80) levels as well as foot-regenerating tips from the 50% level (FR50) were then collected and used for RNA-seq. All conditions were prepared in biological triplicates. (C) Heatmaps representing the homeostatic and regenerative expression profiles of 95 genes associated with cell cycling (red), head-organizer (light green), cell-type specific markers (dark green) and signaling molecules/transcription factors (black). See the materials and methods section for details. Stars indicate for a given transcript the statistical significance for the observed modulations in the homeostatic context across all five conditions (ANODEV, * P adj < 10 −5 ; ** P adj < 10 −10 ; *** P adj < 10 -20 ). Bars on the right indicate the predominant temporal regulations observed during regeneration in clustered genes, down on blue background, up on red background. See sequences and accession numbers in Table S2 , individual profiles in Fig. S2 . untreated animals or to animals treated only after bisection. In addition, they exhibit a slight reduction of the number of wellpatterned tentacles (Figs. 4A, 4B, Supplement Fig. S1B ). By contrast, most animals exposed to HU before and after bisection do not regenerate their head, 39% animals exhibiting some tentacle rudiments, growing on average one tentacle per regenerate. These results are fully coherent with those obtained by Cummings and Bode (1984) , who monitored head regeneration after decapitation, in animals continuously exposed to HU either before, or after, or before and after decapitation (Supplement Fig. S1A ). This study shows that a short exposure (16 or 24 or 48 h) prior to decapitation combined to a continuous post-bisection HU exposure does not seem to affect head regeneration. However, when the pre-bisection exposure lasts 3, 4 or 5 days, the efficiency of head regeneration is progressively reduced, very low after five days when only 20% animals regenerate abnormal heads equipped with a single tentacle. Nevertheless such long treatments are first partially inefficient in terms of DNA synthesis inhibition (see results in Fig. 3 ) and likely toxic, thus inducing non-physiological . Animals were either decapitated (HR80) or bisected at mid-gastric level (HR50), then left to regenerate for 26 or 34 h, exposed to BrdU for two hours until the regenerating tips were finally amputated and macerated at 28 or 36 hpa. The drop in cycling interstitial cells (ic) in the HR80 condition is highly significant (*adj. p-value = 0.0005838).
conditions for regeneration as observed by Cummings and Bode (1984) . The fact that the initiation of regeneration is delayed when HU is given before bisection, similarly to the situation observed in heatshocked sf-1 animals where the cell cycle does not seem affected , suggests that the loss of cycling interstitial cells rather than the epithelial S-phase pausing impacts the activation of head regeneration. To test whether animals resuming epithelial cell proliferation after a three-cycle HU treatment still exhibit a delayed initiation of head regeneration, we bisected HU-treated animals either immediately after drug release, when most cells are arrested in Sphase, or one day later when cells resume cell cycle progression, or three days later when most epithelial cells have escaped S-phase and pause in G2 (Fig. 4C) . We found the head regeneration kinetics roughly similar between these three conditions, indicating that either the rescued level of epithelial proliferation is not sufficient to rescue the regeneration delay, and/or that the loss of the cycling interstitial cells suffices to delay head regeneration initiation.
To further dissect the respective impacts of interstitial cell loss and epithelial S-phase pausing on the regeneration process, we submitted Hv_Basel animals to HU for 7 days continuously, and bisected the animals at mid-gastric level at different times during the treatment (Fig. 4D) . That way, the total number of days spent in HU is the same in all conditions but animals are exposed to HU for variable periods of time before and after amputation. As in the experiments reported above, only animals exposed to HU for 5 or 7 days prior to amputation (conditions HU7/0, HU5/2) show a one-day delay in the initiation of regeneration (Fig. 4E) . In addition the completion of the differentiation of the apical structures is also affected in these two conditions, as evidenced by the lower number of tentacles per animal recorded at 6 dpa, 3.49 and 3.36 tentacles per animal respectively, versus 5.11 in untreated animals (Fig. 4F) . In fact, a small fraction of these animals appear unable to regenerate a complete head (Supplement Fig. S4 ). By contrast animals exposed to HU shortly before and after bisection (condition HU3/4) or only after bisection (conditions HU1/6, HU0/7) do not show any delay in the initiation of the differentiation of the apical structures, but display an intermediate number of tentacles (4.02, 4.30, 4.13 tentacles per animal respectively) and in few cases a blockade of apical differentiation, or degeneration (1 case). These results suggest that the loss of cycling interstitial cells alone does not suffice to delay head regeneration initiation and that the HU-induced decrease in the stock of epithelial G2-paused cells obtained upon prolonged HU treatment (Fig. 3F ) before bisection contributes to delay head regeneration activation.
To test the level of DNA synthesis in each of these conditions, animals were shortly incubated in BrdU 7 days after amputation (Fig. 4D) . As expected, we noted numerous S-phase cells in conditions where HU was released for several days at the time of BrdU labeling (HU7/0, HU5/2) and much less in conditions where HU was maintained after bisection (HU1/6, HU0/7) (Fig. 4G, Supplement Fig. S5 ). These results indicate that cells also escape the HU-induced S-phase pausing during regeneration. By contrast, morphogenetic processes that drive de novo head formation remain efficient in conditions where only a few cells progress through the cell cycle (conditions HU1/6 and HU 0/7), suggesting that the early-late wave of cell proliferation observed in presumptive heads is dispensable for patterning. To compare the levels of cell proliferation at the regenerating tip in the two contexts (HR50 and HR80), the animals were incubated in BrdU (5 mM) for two hours from 26 and 34 hpa. The proportions of proliferating interstitial cells significantly decreases at these two time-points after decapitation, whereas all cell types maintain a highly proliferative status during HR50 (Fig. 4H) . This result thus points to a distinct temporal regulation of cell proliferation according to the bisection level as evidenced by the RNA-seq data. Altogether, these results indicate that the loss of cycling interstitial cells before bisection, either upon HS or upon HU treatment, delays the activation of regeneration after mid-gastric bisection, as previously proposed in the context of head regeneration after decapitation (Marcum and Campbell, 1978a; Cummings and Bode, 1984) , whereas large stocks of ASCs available at the time of amputation, namely ISCs, favor a rapid activation of regenerative processes. When applied after bisection, the patterning of the apical structures is not affected by the HU treatment, suggesting a regeneration mechanism that applies independently of DNA synthesis, even though DNA synthesis is only transiently blocked upon HU and epithelial cells keep cycling.
3.5. Cell cycle pausing does not prevent the regulation of organizer or patterning genes in head-regenerating tips
We next investigated whether the injury-induced up-regulation of genes involved in head regeneration occurs in the absence of cell proliferation. For this we selected four genes wnt3, HyBra1 (Technau and Bode, 1999; Lengfeld et al., 2009) , both involved in the early formation of the head organizer, cnox2, involved in the early-late phase of head formation (Miljkovic-Licina et al., 2007) and COUP-TF1 as a control gene expressed in clusters of nematoblasts along the body column, but not expressed in the head (Gauchat et al., 2004) . We followed their expression in HU-exposed animals, at 8 hpa for the "early" genes wnt3 and HyBra1, and at 32 hpa for the "early-late" gene cnox2 (Fig. 5 ). Animals were bisected either immediately after drug release (epithelial cells S-phase arrested) or 72 h later (epithelial cells back to G2). In both contexts, we detected wnt3 and HyBra1 expressing-cells in the regenerating tips, indicating that HU treatments that induce S-phase pausing and delay the activation of apical differentiation do not prevent cells of head-regenerating tips to express the head-organizer genes. This result is consistent with grafting experiments that showed that organizer activity is not abolished in nerve-free animals (Marcum and Campbell, 1978a) .
Nevertheless, we noted a broader domain of expression when the amputation took place immediately after HU release. In animals amputated 72 h after drug release, the expression domain of wnt3 and HyBra1 is similar to that detected in untreated animals, but adding HU immediately after bisection seems to suffice to expand the expression domain (Fig. 5A ). Therefore if a recent exposure to HU suffices to broaden the expression domain of these early genes, HU treatment might either induce a modification of the permeability of the tissues, or indeed modify the expression patterns (see below).
As expected, the nematoblast-specific expression pattern of cnox-2 and COUP-TF1 in the body column is lost upon interstitial depletion, while cnox-2 and COUP-TF1 transcripts detected in cells from the gastrodermal layer of head-regenerating tips persist in HU-exposed animals (Fig. 5B) . As noted for the early genes, animals fixed 72 h after HU-release exhibit a lower level of expression in regenerating tips that the animals exposed to HU after amputation. Thus, a recent exposure to HU appears to enhance the gastrodermal expression of cnox-2 and COUP-TF1. These early-late gastrodermal apical patterns have not been previously reported, neither for cnox-2 nor for COUP-TF1 (Gauchat et al., 2004; Miljkovic-Licina et al., 2007) . Concerning cnox-2, it might have been masked by the dense apical interstitial pattern. These results suggest that beside a possible ubiquitous effect of HU treatment on gene expression, either the loss of interstitial cells, or the S-phase pausing induced by HU might modulate the expression of genes expressed in regenerating tips. The impact of HU treatment on gene regulation needs to be further explored.
Discussion
The central region of the Hydra body column, made of G2-paused cells, is a pro-blastema
This study shows that cell proliferation occurs in three distinct contexts important for Hydra head regeneration: (1) before amputa-tion when active ASCs paused in G2 form a pro-blastema in the central body column, (2) early after bisection when cells synchronously undergo mitosis and (3) at the early-late stage when genes involved in cell cycle progression are up-regulated in head-regenerating tips, preceding a local wave of cell proliferation (Fig. 6) . Nevertheless the pro-blastema organization is likely restricted to the central body column as in the upper body column, the ISC density is reduced, most interstitial cells being already committed, ready to differentiate (David and Plotnick, 1980) . Concerning the early post-bisection event, we know that epithelial cells are highly resistant to cell death signals Fig. 5 . HU-induced cell cycle pausing does not prevent the up-regulation of organizer and patterning genes in head-regenerating tips. (A) Expression patterns of Wnt3 and hyBra1 detected at 8 hpa in animals exposed or not to HU for 4 days, bisected immediately or 72 h after drug release, and maintained in HU-containing medium for 8 h (8 h) or not after bisection. White asterisks indicate artifact staining of the basal disk. (B) Expression patterns of cnox-2 and COUP-TF1 detected at 32 hpa in animals exposed or not to HU for 4 days, bisected immediately or 72 h after HU release, and maintained in HU-containing medium for 32 h (32 h) or not. White arrows point to nematoblast clusters that get eliminated upon HU treatment; black arrowheads to transcripts detected in the regenerating tips. (Chera et al., 2009 ), likely as a result of their G2 pausing in homeostatic conditions . At the time of mid-gastric bisection, cells of the interstitial lineage, more sensitive to pro-apoptotic signals, undergo cell death and release factors like the Wnt3 protein that drives the synchronous division of the surrounding cells (Chera et al., 2009 (Chera et al., , 2011 . This process is supported by this study, which confirms that an early synchronous mitotic event takes place in head-regenerating halves from wild-type as well as from epithelial animals, although delayed in this later context (Fig. 1) . A pulse NDZ treatment given immediately before bisection (decapitation or mid-gastric bisection) or after mid-gastric bisection similarly delays head regeneration, suggesting that the wave of mitotic division observed in the early period contributes to trigger the regenerative process. NDZ acts as an antimitotic agent by inhibiting the spindle formation, leading in Hydra to the rapid accumulation of cycling cells in G2-M . However, NDZ is also known to alter other non-mitotic processes, making this approach difficult to analyze (Verdoodt et al., 1999; Baudoin et al., 2008) . Therefore the next step will be to study the regulation of cell cycle progression in vivo with the help of molecular sensors (van Rijnberk et al., 2017) .
Interestingly, the S-phase pausing induced by a HU treatment applied right after bisection does not modify the kinetics of apical differentiation, whereas prolonged treatments initiated at least four days before amputation transiently block the initiation of head regeneration (Fig. 4) . Two distinct cellular events take place in parallel upon HU treatment, the complete loss of cycling interstitial cells observed within three days, and the transient arrest of most epithelial cells in S-phase observed after three days (Figs. 3B, 3E ). Both processes lead to a drastic decrease in G2-paused stem cells, telling us that beside cycling ISCs and IPs, a large stock of epithelial cells paused in G2 is likely necessary to initiate head regeneration immediately after midgastric bisection. In agreement with this scenario, a continuous HU treatment delivered after bisection comes too late to impact the cycling cells involved in the early phase of head regeneration. Still it is difficult to sort the respective impact of these two cellular events. Concerning the early-late phase where proliferating cells are detected in the headregenerating tips, the observation that heads regenerate under a continuous HU treatment suggests that DNA synthesis is not necessary (Cummings and Bode, 1984 ; this work). However a major difficulty to conclude about the impact of DNA synthesis comes from the fact that cells escape pharmacological cell cycle blockades (Cummings and Bode, 1984; Buzgariu et al., 2014 ; this work). A genetic inhibition of DNA synthesis that does not lead to cell death needs to be performed as an alternative.
A position-dependent regulation of cell proliferation during head regeneration
The transcriptomic analysis performed in homeostatic and regenerative conditions suggests a coordinated up-regulation of genes associated with cell cycling from 16 h after bisection, preceding the proliferation of epithelial and interstitial cells recorded in head regenerating tips between 20 and 30 hpa (Fig. 2) . These regulations in gene expression also suggest that the proliferative program activated in the early-late phase of regeneration is distinct from that active in the homeostatic head. Interestingly, this transcriptomic regulation varies (i) with the regenerative program, more limited in case of foot regeneration, and (ii) with the position of the bisection along the axis for head regeneration, i.e. more limited after decapitation than after mid-gastric bisection. The comparative analysis of the BrdU-labeling indexes at 28 and 36 hpa supports the fact that cell proliferation is enhanced or sustained at the early-late stage of HR50 but gets dramatically reduced in ISCs and IPs in HR80 conditions (Fig. 4J) . We hypothesize that the intensity of cell proliferation at the early-late phase of regeneration is linked to the size of the structure to regrow, reduced after decapitation where only the head needs to regrow, enhanced or sustained after mid-gastric bisection when half of the body needs to regenerate. Such a regulation was documented in zebrafish regenerating their fins from either proximal or distal amputation position (Lee et al., 2005) . If confirmed, this would mean that the regulation of cell proliferation is associated with positional information in Hydra. In the zebrafish fin, the activity of the cycling machinery is under the control of FGF signaling, which provides positional information along the fin. Along the same vein, it is interesting to note that in Hydra, FGFR is differentially expressed in FR50, HR50 and HR80 tips (Fig. 2) .
The setting-up of the head organizer occurs independently of cell proliferation
This study also shows that the up-regulation of genes involved in early head organizer or early-late head patterning takes place even when cells are blocked in S-phase (Fig. 5) . Together with the fact that apical differentiation, although delayed and/or reduced, can take place when the number of cells able to proliferate is low, this result indicates that animals are able to differentiate apical structures in the absence of cell proliferation, likely as an adaptation process. Hence several routes are available for head regeneration after mid-gastric bisection: A fast route, which is taken when animals can use a local stock of preexisting proliferative cells ready to divide at the early phase, and produce novel cells at the early-late phase rapidly followed by the coordinated differentiation of apical structures (Fig. 6) . As an alternative, animals can take a slower route when cell proliferation is limited or blocked, relying predominantly on coordinated cell differentiation events. In the context of decapitation, the second route would be favored as most cells in this region are already committed to differentiate. The number of cells available for apical differentiation at the time of mid-gastric bisection might be a limiting factor for this adaptation process as we noticed the small size of the animals unable to regenerate their heads (Supplement Fig. S4 ). Therefore cell number or tissue size might be another important factor promoting the plasticity observed in Hydra regenerating its head. Fig. 6 . Summary scheme showing the cellular and molecular regulations linked to cell proliferation in Hydra regenerating its head after mid-gastric bisection. In homeostatic conditions, the abundant adult stem cells present in the central region of the body column are paused in G2 and ready to divide upon injury-induced cell death immediately after bisection (red signal). In the early period interstitial progenitors migrate towards the wound. In the early-late period (20 -40 hpa) the up-regulation of genes involved in cell cycle progression precedes a wave of cell proliferation that takes place in the presumptive heads. Transcriptomic and cellular analyses suggest a position-dependent regulation of cell proliferation during head regeneration, more intense and sustained after mid-gastric bisection than after decapitation. Apical differentiation progressively takes place from day-2 onwards, directly from G2 for the epithelial cells (pre-mitotic terminal differentiation), post-mitotically for the interstitial cells.
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